Schiff-base type N,P-chelating ligands, phosphorus analogues of imino-anilido ligands, were designed and synthesized as a new type of ligands toward transition metals, and the rhodium-carbonyl complexes bearing the novel imino-phosphido and phosphaalkenyl-anilido ligands were synthesized as stable crystalline compounds. Their structures were definitively revealed by X-ray crystallographic analysis, showing the unique electronic features of the ligands. In addition, the effective trans-influence of the phosphorus atom was suggested on the basis of the structural parameters and spectroscopic features of the isolated complexes.
Introduction
Schiff-base-type N,N'-chelating ligands such as -diketiminato and imino-anilido ligands (Scheme 1) have been utilized for the stabilization of unique species of transition metals and main group elements [1] . Thus, the coordination chemistry of the Schiff-base ligands has attracted much interest in the research field of not only fundamental chemistry but also industrial chemistry from the viewpoints of supporting ligands of the catalysts for olefin polymerization [2] . The features of the -diketiminato and imino-anilido ligands can be 2 mentioned as follows: (i) facile preparation, (ii) strong coordination ability to the central atom in a monovalent and bidentate fashion, (iii) steric effect afforded by the substituents on the nitrogen atoms, (iv) electronic effect due to the -electron conjugation in the cyclic skeleton of the resulting complexes.
<insert Scheme 1 here>
On the other hand, the coordination chemistry of low-coordinated organophosphorus compounds has drawn a great deal of recent attention due to their unique electronic features, i.
e., the characteristic low-lying *-orbital level [3] . Generally, low-coordinated organophosphorus compounds are highly reactive toward oxygen and moisture and difficult to be handled under ambient conditions due to their extremely high reactivity toward self-oligomerization. However, several numbers of low-coordinated organophosphorus compounds such as phosphaalkenes (P=C) and diphosphenes (P=P) have been synthesized and isolated as stable compounds by taking advantage of kinetic stabilization using bulky substituents [4] , since the isolation of stable phosphaalkenes [5, 6] . Recently, such low-coordinated organophosphorus compounds should be one of the exciting research targets as new promising ligands toward transition metals in catalytic chemistry [3] , since the low-coordinated phosphorus species exhibit low-lying *-orbital level showing strong -electron accepting character with effective trans-effect.
Recently, we have designed a novel -ketophosphenato ligand, which is a heavier congener of -ketiminato ligand, as a monovalent and bidentate ligand bearing an extremely bulky steric protection group, 2,4,6-tris[bis(trimethylsilyl)methyl]phenyl (denoted as Tbt) group, on the phosphorus atom (Scheme 2) [7] . It was demonstrated that the rhodium complex 2 coordinated with the -ketophosphenato ligand was synthesized as a stable crystalline compound, showing strong trans-influence and trans-effect of the sp 2 -hybridized phosphorus atom. Now, much attention has been focused on the heavier element analogue of -diketiminato and imino-anilido ligands due to their expected features reflecting the 3 unique characters of both -diketiminate-type skeleton and low-coordinated organophosphorus compounds (Scheme 1). While the complexation of an iminophospholido ligand with copper is known to give a unique cluster complex, the iminophospholido ligand did not work as a monovalent and bidentate ligand [8] . Although Mindiola et al. have postulated the existence of an intermediary titanium complex 3 bearing a P,N-chelating Schiff-base ligand (Scheme 3) [9] , there has been no example for the isolation of a transition metal complex bearing such phosphorus analogue of a -diketiminato ligand [10] . On the other hand, Ionkin et al. have reported the attempted synthesis of a phosphorus analogue of -diketiminate 6 bearing 2,4,6-tri-tert-butylphenyl (denoted as Mes*) group [11] . However, it was suggested that 6 undergoes ready intramolecular cyclization to afford 1H- [1, 2] diphosphole derivative 5 along with the elimination of Mes*H (Scheme 3). Taking this report into consideration, the more strained -iminophosphido skeleton fused with a benzene ring may be helpful to avoid such intramolecular cyclization. Thus, we have designed benzo-fused P,N-chelating ligand 7 as a phosphorus analogue of a Schiff-base ligand (Scheme 4). In this case, however, the reaction of 9 with KH as a base afforded the corresponding 2-phospha-2H-isoindole 10 along with the elimination of Mes*H (Scheme 5) [12] . <insert Schemes 2-5 here>
In this paper, we report the synthesis of novel rhodium-carbonyl complexes 11 and 13, which are isomeric complexes bearing different types of phosphorus analogues of Schiff-base ligands 7 and 8, respectively, as stable crystalline compounds (Scheme 6). Their structures and properties were revealed on the basis of spectroscopic and X-ray crystallographic analyses, indicating the trans-influence of the low-coordinated phosphorus atoms. <insert Scheme 6 here> 4
Results and Discussion
Two types of novel ligands 7 and 8 were designed as phosphorus analogues of Schiff-base type ligands, and we prepared 9 and 12 as their precursors. Since such secondary phosphine and phosphaalkene derivatives should have high liability to oxidation and self-oligomerization, bulky Mes* should be introduced on the phosphorus atom for the steric protection. Compound 9 was prepared according to the previously reported procedures [12] .
Similarly, compound 12 was synthesized as shown in Scheme 7. The structures of 9 and 12 were reasonably supported by the spectroscopic and X-ray crystallographic analyses ( Figures   1 and 2 ). Both 9 and 12 exhibit high planarity of the skeleton consisting of the central P, N, C atoms, the fused aromatic ring, and ipso-carbon atoms of Mes* and Dip groups. While the position of the hydrogen atom of the NH and PH moieties cannot be definitively determined due to the inherent principle of X-ray crystallographic analysis, the N=C moiety of 9 and the P=C moiety of 12 are oriented toward the PH and NH moieties, respectively, indicating the existence of weak N-H-P hydrogen bonding. The P-C1 and N=C3 bond lengths of 9 In the 31 P NMR spectrum, compound 9 showed  P = -62.7 in the high field region similar to those of secondary phosphines. In the 1 H NMR spectrum of 9, a characteristic doublet signal due to the P-H moiety was observed at 6.51 ppm with 1 J PH = 258.3 Hz, which N-H proton of 12 was observed at  H = 6.93, which is in lower field than that of diphenylamine (ca. 5.6 ppm) [16] , as a doublet signal with the coupling constant of 20.7 Hz.
The observed J coupling should be due to the through-space 1 J PH coupling of the N-H-P moiety, strongly indicating the N-H-P hydrogen bonding. Thus, the structural and spectroscopic features of 9 and 12 suggested the little contribution of their canonical structures of B type (Scheme 8) and the N-H-P hydrogen bonding with the formation of the N-H-P-C-C-C ring system.
Attempted deprotonation reactions of 9 and 12 using n-BuLi and LDA were unsuccessful to give a complicated mixture, while 9 was found to be inert toward KH in THF at room temperature. However, heating of C 6 D 6 suspension of 9 in the presence of KH at 60 ºC afforded 2-phospha-2H-isoindole 10 along with Mes*H as described above (Scheme 5) [12] . When 9 was treated with 0.5 eq. of [RhCl(CO) 2 ] 2 in THF at room temperature, the reaction proceeded slowly to give an unidentified complex X, which showed a characteristic signal at  P = -14.1 with 1 J PRh = 164 Hz and 1 J PH = 378 Hz in the 31 P NMR spectrum.
Treatment of the reaction mixture with an excess amount of Et 3 N at 60 ºC for 6 h afforded the rhodium-carbonyl complex 11 as a stable purple crystalline compound (Scheme 6).
Similarly, heating of the C 6 D 6 solution of 12 with 0.5 eq. of [RhCl(CO) 2 ] 2 in the presence of an excess amount of Et 3 N afforded the corresponding rhodium-carbonyl complex 13 as a stable purple crystalline compound. Rhodium complexes 11 and 13 can be handled in the air without any decomposition probably due to the steric effect afforded by Mes* and Dip 6 (2,6-diisopropylphenyl) groups.
<insert Figures 3 and 4 here>
The structural parameters of rhodium-carbonyl complexes 11 and 13 were revealed by the X-ray crystallographic analysis (Figures 3-7 ). In the case of 11, the P-C1 and C2-C3
bonds are shortened and the C1-C2 and C3-N bonds are elongated as compared with the corresponding bonds of 9, suggesting the considerably delocalized -electrons of the central six-membered ring skeleton of Rh-P-C-C-C-N. The sum of the internal angles of the Rh-P-C-C-C-N six-membered ring skeleton of 11 is 717º, showing its high planarity with the slightly pyramidalized phosphorus atom. The theoretically optimized structure of 11 opt [17] is similar to that of 11 with the slightly pyramidalized phosphorus atom (the sum of the internal angles of the Rh-P-C-C-C-N six-membered ring skeleton of 11 opt is 717º, Figure 7 ).
However, the structural optimization of the less hindered model compound 11 Me bearing a methyl group instead of Mes* group in 11 was found to have a highly distorted structure with a phosphorus atom showing a pyramidal geometry (the sum of the internal angles of the Rh-P-C-C-C-N six-membered ring skeleton is 686º). That is, the Mes* group of 11 should play an important role to afford the steric effect on the phosphorus atom for keeping the relatively planar geometry with sp contrast to the case of 9 and 11 as described above. As in the case of 11, the central six-membered ring skeleton of Rh-P-C-C-C-N of 13 exhibits an almost planar skeleton (the sum of the internal angles of the Rh-P-C-C-C-N six-membered ring skeleton is 720º), while the theoretically optimized structure of 13 opt [17] is similar to those observed by the X-ray crystallographic analysis of 13. However, the methyl-substituted model 13 Me The structural and electronic features of 11 and 13 in solution should be discussed on the basis of their NMR spectra. In 31 P NMR spectrum, 11 showed a surprisingly low-field shifted signal at  P = 91.9 with 1 J PRh = 122 Hz, in contrast to those of rhodium-phosphine complexes (e.g.,  P = 25. 
, suggesting the higher p-character of the P-Rh bond of 11 than that of 14.
That is, the P-Rh bond should consist of sp 2 -orbital of the phosphorus atom, suggesting that the lone pair of the phosphorus atom should exhibit high p-character and it should take part in the -conjugation on the imino-phosphido ligand of 11. Preliminarily, we have performed the reaction of cyclohexanone with triethylsilane in the presence of a catalytic amount of 11 in the expectation that 11 can promote 1,4-hydrosilylation reaction even though 11 has CO groups on the rhodium atom. As a result, the treatment of cyclohexanone with 3 eq. of triethylsilane in the presence of 0.5 mol% 9 of 11 in benzene under reflux conditions for 4 h afforded the corresponding silylenolate 17 in an almost quantitative yield (Scheme 9) [20] . Thus, it was demonstrated that 11 can work as a catalyst for hydrosilylation probably due to the trans-effect of the phosphorus atom promoting the initial elimination of the trans-CO group for the phosphorus atom.
<insert Scheme 9 here>
Conclusion
We have designed novel P,N-chelating monovalent and bidentate ligands with an 
Experimental

General procedure
All experiments were performed under an argon atmosphere unless otherwise noted. All solvents were purified by standard methods and then dried by using an Ultimate Solvent System (Glass Contour Company) [21] . All solvents used in the reactions and spectroscopy were dried by using a potassium mirror. 1 H NMR (300 MHz) and 13 
Diarylphosphine 19
To a diethyl ether solution (10 mL 
Compound 9
To a toluene solution (5 mL) of 20 (50 mg, 0.13 mmol) was added DipNH 2 (250 L, 1.3 mmol) and trifluoroborane diethyl etherate (14 L, 0.11 mmol). After the reflux for 10 h, the solvent was removed under the reduced pressure. The purification of the crude product with WCC (hexane) gave 9 (69 mg, 0.12 mmol, 98%) [12] .
Rhodium complex 11
To a C 6 H 6 solution (0.70 mL) of 9 (54 mg, 0. ).
Hydrosilylation reaction
To a benzene solution (2 mL) of rhodium complex 11 (3.5 mg, 5.0 mol) was added Summary of observed and optimized structural parameters of 11, 11 opt , 11 Me , 13, 13 opt , and 13 Me [17] . *The sum of internal angles of the Rh-P-C-C-C-N six-membered ring skeleton.
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Schiff-base type N,P-chelating ligands, i.e., phosphorus analogues of imino-anilido ligands, were designed and synthesized as a new type of ligands toward a transition metal.
Complexation reactions of the novel imino-phosphido and phosphaalkenyl-anilido ligands with [RhCl(CO) 2 ] 2 resulted in the formation of the corresponding rhodium-carbonyl complexes as stable crystalline compounds, the unique structural and electronic features of which were revealed based on their spectroscopic and X-ray crystallographic analyses.
